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Arizona's annual gold output will almost 
double in 1988 as a result of production from 
Cyprus Minerals Company's Copperstone 
gold deposit in La Paz County, west-central 
Arizona. During 6 years of expected mine life, 
the deposit is predicted to yield approxi- 
mately 510,000 troy ounces of gold worth 
$230 million, based on a value of $450 per 
ounce. Unlike many recent gold discoveries 
in the Southwest, Copperstone is a new 
discovery in an area not previously identified 
as a mineral district. in this article, the 
geology and regional setting of the Copper- 
stone deposit are described. Although the 
deposit is still not completely understood, 
enough is known to warrant reassessment of 
estimates of mineral-resource potential in 
west-central Arizona. 

Regional Geologic Setting 
West-central Arizona and adjacent areas of 

California and southern Nevada contain 
some of the most spectacularly exposed 
detachment faults in the world. The term 
"detachment fault" is commonly applied to 
large-displacement, gently dipping (inclined) 
normal faults. In this region, hanging-wall 
rocks, or rocks overlying the detachment 
faults, were displaced northeastward relative 
to footwall rocks, rocks that underlie the 
faults. The faults originally dipped to the 
northeast, but are now rotated and warped to 
form undulating surfaces that are nearly 
horizontal over large areas. 

The north- to northeast-dipping Moon 
Mountains detachment fault, exposed at the 
northern tip of the eastern Moon Mountains, 
separates two large, geologically distinct 
areas: to the northeast lie numerous detach- 
ment faults, such as those in the Buckskin, 
Rawhide, and northern Plomosa Mountains; 
to the south, in the Dome Rock, southern 
Plomosa, and most of the Moon Mountains, 
detachment faults are absent. The Copper- * stone gold deposit lies within the hanging 
wall of the Moon Mountains detachment fault 
and flanks the area of pervasive faulting. 

The Copperstone Mine: 
Arizona's New Gold Producer 

Miocene (5- to 24-million-year [m.y.]-old) 
detachment faults in west-central Arizona are 
associated with numerous copper, iron, and 
gold deposits, especially in the Buckskin and 
Rawhide Mountains, that have yielded metals 
worth many millions of dollars (Figure 1; 
Table 1 ; Wilkins and Heidrick, 1982; Spencer 
and Welty, 1986). Copper-gold deposits 
associated with detachment faults typically 
lie along or within a few tens of meters of the 
faults; a few, however, are hundreds of 
meters above the faults. Detachment-fault 
deposits contain fractures and thick, irregu- 
lar zones that are commonly filled with the 

minerals specular hematite, chrysocolla, 
quartz, barite, fluorite, calcite, and manga- 
nese oxides. Pyrite and chalcopyrite, which 
are commonly oxidized, are also present in 
many deposits. 

The northeastern tip of the Moon Moun- 
tains is primarily composed of Mesozoic (63- 
to 240-m.y.-old) granitic rocks that form the 
footwall of the Moon Mountains detachment 
fault. Hanging-wall rocks are mostly meta- 
morphosed Jurassic (138- to 205-m.y.-old) 
volcanic rocks. Older (Paleozoic; 240- to 570- 
m.y.-old) metamorphosed sedimentary 
rocks that are brecciated (composed of 
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Figure I .  Map of pak of west-central Arizona showing mineral districts where mineral deposits are known or 
suspected to be related to detachment faults. Middle T e ~ i a y  and older rocks are divided into hanging wall and 
footwall rocks, which lie abow and below, respectively, regionally northeast-dipping detachment faults. Also shown 
is the outline of the Cactus Plain and Cactus Plain East Wilderness Study Areas. Numbers refer to mineral districts 
listed in Table I .  
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Figure 2. Geologic map of northeastern Moon Mountains 

broken rock fragments) underlie Copper 
Peak; steeply dipping, younger (Miocene) 
volcanic and sedimentary rocks, including 
sedimentary breccias derived from the 
Jurassic volcanic rocks, are also present 
adjacent to Copper Peak (Figure 2). The 
copper-iron mineralization that characterizes 
detachment-fault deposits elsewhere in west- 
central Arizona is also evident in brecciated 
rocks along the Moon Mountains detach- 
ment fault at Copper Peak and at the edge of 
the Colorado River Indian Reservation. 

Geology 
The Copperstone mine is approximately 

1% miles northeast of exposed bedrock in 
the northeastern Moon Mountains (Figure 
2). Bedrock exposures in several very small 
hills surrounded by alluvium contain evi- 
dence of gold mineralization and led to, the 
discovery of the Copperstone deposit. 
Mineral deposits are present above and 
along a gently dipping contact that is 
probably a fault; the contact separates 
Jurassic metamorphosed volcanic rocks 

;showing location of Copperstone mine. 

and overlying sedimentary breccias derived 
from them. The mineralized contact zone 
dips approximately 30' to the northeast, 
extends horizontally for 3,000 feet and at 
least 1,000 feet down dip, and is generally 
several tens of feet thick. The sedimentary 
breccia and a volcanic rock that contains 
vesicles (relict gas bubbles) are almost 
certainly Miocene in age and are mineralized, 
indicating that mineralization is Miocene or 
younger. 

Drill-core samples reveal that some brecci- 
ation occurred after quartz veins were 
formed; however, numerous northwest- 
trending quartz-amethyst veins exposed in 
the mine pit are not brecciated. Steeply 
dipping, northwest-striking fractures and 
narrow shear zones exposed in the mine pit 
locally cut quartz-amethyst veins and contain 
subhorizontal slickenside lineations, which 
are smooth and polished striations that result 
from friction along a fault plane. 

Gold is present where quartz and specular 
hematite are abundarit in the breccia zone 
and locally within veins in the metamor- 

phosed volcanic rocks. Chrysocolla, barite, 
earthy red hematite, and malachite are also 
common in the gold-mineralized zone. 
Fluorite, adularia, magnetite, calcite, chal- 
copyrite, pyrite, and manganese oxides are 
present in smaller quantities. Gold, however, 
is rarely visible. The presence of quartz, 
hematite, and chrysocolla is a good indicator 
of gold mineralization. 

Fluid-Inclusion Characteristics 
Fluid inclusions are bubbles of liquid and 

gas that are commonly trapped inside 
minerals during mineral formation. The 
composition of fluid inclusions in mineral 
deposits reflects the composition of the 
aqueous fluids that formed the deposits. One 
can determine the salinity of the inclusions 
by determining the freezing temperature of 
the fluid within them. The minimum temper- 
ature of the fluid at the time it was trapped 
can be determined by heating the sample 
until the two phases (liquid and gas) in the 
inclusion become one. Fluid inclusions in 
quartz-amethyst from the Copperstone mine 
contain between 16 and 22 percent sodium- 
chloride equivalent (by weight) and were 
trapped at minimum temperatures between 
200" and 260" C. These characteristics are 
similar to those of other mineral deposits 
along Miocene detachment faults in west- 
central Arizona, but are substantially different 
from those of most other types of deposits, 
such as  epithermal-vein gold deposits 
(Figure 3; Wilkins and others, 1986). 

Origin 
The following characteristics of the Cop- 

perstone deposit suggest that it originated 
from the same processes that formed 
mineral de~os i t s  alona numerous other 
Miocene detachmen; faults: (1) fluid- 
inclusion salinities and temperatures of 
entrapment; (2) abundant specular hematite 
with less abundant copper minerals such as 
chrysocolla, malachite, and chalcopyrite; (3) 
geographic proximity to a detachment fault; 
and (4) probable Miocene age. Two charac- 
teristics of the Copperstone deposit, how- 
ever, differ from those of other detachment- 
fault deposits: abundance of quartz-amethyst 
veins and abundance of gold. These authors 
believe that most evidence at the Copper- 
stone deposit supports a relationship 
between mineralization and detachment 
faulting. 

A working model for the origin of the 
Copperstone deposit is as follows: hot, saline, 
aqueous fluids containing dissolved gold, 
copper, iron, and other elements moved up- 
dip along the north- to northeast-dipping 
Moon Mountain detachment fault. These 
fluids encountered highly porous and perme- 
able sedimentary breccias in the hanging 
wall of the detachment fault and began 
ascending through the breccia zone. As a 
result of cooling or mixing with more oxygen- 
rich, shallow-level ground water, largely 
within the sedimentary breccias, gold and 
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District Commodities* 1986 Value** 

1. Copperstone Au (reserves) $1 89,306,900 
2. Alamo Cu, Pb, Ag, Au 72,303 
3. Cienega Cu, Ag, Au 5,571,167 
4. Clara Cu, Ag, Au 3,066,661 
5. Lincoln Ranch Mn 18,960,000 
6. Mammon Cu, Ag, Au 93,913 
7. Midway Cu, Ag, Au 43,743 
8. Planet Cu, Ag, Au 12,771,828 
9. Pride Cu, Ag, Au 37,679 

10. Swansea Cu, Ag, Au 17,471,085 
11. Black Burro Mn 261,490 
12. Cleopatra Cu, Pb, Ag, Au 1,118,459 
13. Lead Pill Cu, Pb, Ag, Au 303,365 
14. Mesa Mn 47,400 
15. Owen Cu, Pb, Zn, Ag 107,561 
16. Rawhide Cu, Pb, Zn, Ag 1 16,573 
17. Bullard Cu, Ag, Au 1,763,481 
18. Burnt Well (unknown) (minor) 
19. Harris Mn 79,395 
20. Northern Plomosa Cu, Pb, Ag, Au 2,123,413 
21. Artillery Mn 75,135,320 
22. Whipple Cu, Pb, Zn, Ag, Au 683,550 

TOTAL $329,135,287 

* Ag = silver; Au = gold; Cu = copper; Mn = manganese; Pb = lead; Zn = 
zinc. 

** Values do not add to total because of rounding. 
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other elements precipitated from the fluids to 
form the Copperstone deposit. 

Table 1. Value of production for commodities from mineral districts in west-central 
Arizona that are known or suspected to be related to detachment faults. Manganese 
mineral deposits, although not clearly understood, are suspected to be related to 
detachment faults. District locations are shown on Figure I .  
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Figure 3. Diagram of salinity and homogenization temperature fields for fluid 
inclusions from several major mineral deposits, including those associated with 
detachment faults. Fluid inclusions from the Copperstone deposit clearly fall within 
the field of otherdetachment-fault-related deposits. Many geologists suspected that the 
Copperstone deposit was an epithermal-vein deposit as are many othergold deposits 
in the Southwest; fluid-inclusion data, however, strongly suggest otherwise. Modified 
from Wilkins and others (1986), with additional data from the Copperstone mine. 

- 
and Management 

The presence of the Copperstone gold 
deposit in a geologic setting that is character- 
istic of large areas of west-central Arizona 
indicates that the mineral-resource potential 
of this area in the State is greater than 
previously suspected. 

The Copperstone deposit was probably 
not discovered until recently because it was 
almost entirely concealed by young surficial 
deposits. Undiscovered mineral deposits 
similar to Copperstone may also be con- 
cealed beneath other surficial deposits, such 
as those covering nearby Cactus Plain 
(Figure 1). Application of more sophisticated 
geophysical techniques may eventually 
result in discovery of such deposits. Many 
areas in west-central Arizona, such as the 
Cactus Plain and Cactus Plain East Wilder- 
ness Study Areas, are presently under 
consideration for Federal wilderness-area 
status. If designated to be managed as 
wilderness, these areas would no longer be 
open to mineral exploration or mining 
activity. 

Mineral deposits associated with detach- 
ment faults have only been recognized as a 
distinct deposit type during the past 10 years. 
The recent discovery of the Copperstone 
deposit and recognition of its association 
with a detachment fault are generating 
renewed interest in detachment-fault-related 
deposits and in areas where such deposits 
might be located. Future improvements in 
our understanding of Arizona geology and 
future mineral-deposit discoveries will 
undoubtedly lead to renewed interest in 
areas that presently receive little attention 
from research or exploration geologists. 
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Three Questions about Arizona's Mineral Resources 

by Larry D. Fellows 
State Geologist 

Arizona Geological Survey 

Mineral resources have had, and continue 
to have, a significant impact on Arizona's 
economy. Minerals were exploited on a 
limited scale for three centuries before the 
Arizona Territory was established in 1863. 
Accelerated settlement of the Territory, due 
in large part to discovery and mining of 
metallic mineral resources, began after the 
Civil War. By the late 1870's and early 1880's, 
many mining communities had been estab- 
lished and were thriving. Reported produc- 
tion of metallic minerals from the late 1800's 
through 1981 is shown in Table 1. 

Arizona was the Nation's leading nonfuel 
mineral producer until 1983. In 1987 Arizona 
ranked second in the Nation, with a total 
value of $1.76 billion in metallic and nonme- 
tallic mineral production. The value of 
nonfuel mineral production from 1980 
through 1987, inclusive, as reported in U.S. 
Bureau of Mines' Yearbooks and Mineral 
Industry Surveys, totalled nearly $14.5 billion. 
These estimated values are for the mineral 
commodities only and do not include wages 
paid to miners or processors; taxes paid to 
local, State, and Federal governments; or 
value of products manufactured from the 
mineral commodities. 

The Arizona Geological Survey (AGS) is 
directed by statute to (1) inform the public 
about the geologic environment and the 
development and use of mineral resources in 
Arizona and (2) encourage the wise use of 
land and mineral resources in the State. This 
article addresses this mandate by answering 
three questions that are commonly asked 
and frequently misunderstood. 

Where are Arizona's mineral resources? 

Metallic mineral districts include mineral 
deposits that formed under a variety of 
conditions and at many different times. 
Districts were defined by Keith and others 
(1 983) on the basis of types and amounts of 

Table 1. Reported production of metallic minerals in 
Arizona from the late 1800's through 1981 (Keith a n d  
others, 1983). 

metals produced and geologic origin (Figure 
1 ). Mineralization occurred millions of years 
ago and, for almost all deposits, at consider- 
able depths below the land surface. Today 
the mineral deposits are exposed at or near 
the surface because overlying rocks have 
been stripped away by erosion. Some 
mineral deposits have been completely 
removed. Others are hidden, perhaps only a 
few feet or tens of feet below the surface. 

It is difficult to define precisely the bound- 
aries of mineral districts because of inade- 
quate subsurface information. As additional 
drilling is completed and other information 
becomes available, the boundaries will be 
adjusted accordingly. 

Nonmetallic resources (clay, gypsum, 
limestone, salt, sand and gravel, zeolites, 
etc.), which are scattered throughout the 
State, are not shown in Figure 1. Neither are 
the energy resources such as coal, natural 
gas, and petroleum. 

Have all of Arizona's mineral resources 
been discovered? 

Emphatically, no! A great deal of potential 
still exists. Prospectors have walked virtually 
every square foot of Arizona. In so doing, they 
have found most of the obvious deposits, 
those exposed directly at the surface. Discov- 
ery of the subtle and hidden deposits has 
become progressively more difficult. 

The opening of the Cyprus Copperstone 
gold mine in La Paz County in late 1987 is 
proof that all deposits have not been found. 
The Copperstone deposit was discovered by 
a prospector who noticed a few very small, 
isolated outcrops of mineralized rock and 
staked a claim. This mine will produce 
50,000 to 60,000 troy ounces of gold per 
year during its projected life span of 5 to 6 
years. In 1985 Arizona's gold production 
totalled 52,000 troy ounces. The new mine, 
therefore, will double Arizona's gold production. 

Where will future mineral discoveries be 
made? 

Some discoveries will be made within or 
adjacent to the mineral districts shown in 
Figure 1. Others will be made far from known 
mineral districts. 

To make an accurate assessment of 
mineral-resource potential, one must define 
the geologic framework by doing field 
investigations, mapping rock formations, 
conducting laboratory analyses and geo- 
physical or geochemical studies, and drilling 
to obtain more detailed information. Geo- 
logic mapping in Arizona, a major responsi- 
bility of the AGS, is incomplete. Large areas 
have not been mapped in detail (Figure 2), 
and others must be remapped or reinter- 
preted. Knowledge of rocks and minerals in 
the subsurface is practically nonexistent. 

New geologic concepts are constantly being 
developed to help explain the relationships 
between mineral deposits and the geologic 
framework. New geologic maps are being 
prepared to show detail that was previously 
unavailable. Because of new geologic map- 
ping in portions of western Arizona, the 
geologic framework is much better known 
than it was 10 years ago. Mineralized areas 
along low-angle detachment faults that are 
favorable for exploration can now be identi- 
fied. Extensive exploration, however, will be 
necessary to determine if economic mineral 
deposits are present. 

New exploration, mining, and processing 
techniques are also being developed to find 
more effective or efficient ways to locate and 
produce the resources. Exploration is driven 
by economics. The prevailing price of the 
potential resource must be high enough so 
it can be extracted profitably. Land must also 
be available for exploration. 
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Metallic mineral occurrences in each district are of similar age and origin. Geologic controls of many individual mineral occurrences are 
poorly understood, however. District boundaries will, therefore, be modified as geologic knowledge increases. Districts shown on the map were 
defined by Keith and others (1983a). Their report, which includes a 1:1,000.000-scale color map and cumulative production for each district 
through 1981, may be purchased from the Arizona Geological SuNey. A 1:500,000-scale black-and-white map is also available (Keith and 
others, 1983b). Nonmetallic resources (cinders, clay, gypsum, limestone, Salt, sand and gravel, zeolites, etc.) are not shown on this map. 
Neither are the energy resources, such as coal, natural gas, and petroleum. Breccia-pipe deposits were described by Wenrich (1988). Although 
thousands of pipes are present within the lined map area, probably less than 8 percent were mineralized and less than 10 percent of the latter 
have economic value. Future metallic mineral deposits will be discovered both within and outside the districts shown on the map. 
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The Nonfuel Mineral Industry: 1987 Summary 

by  Euelyn M. VandenDolder 
Arizona Geological Survey 

In 1987 the value of nonfuel mineral 
production in the Southwest reached $7.5 
billion, a 21.6-percent increase from the 
1986 value of $6.2 billion (Figure 1 ; Table 1). 
Production value in the Southwest ac- 
counted for 29.4 percent of the total value for 
the Nation, estimated to be $25.5 billion in 
1987. For the purposes of this article, the 
Southwest includes Arizona, California, 
Colorado, Nevada, New Mexico, and Utah. 

These preliminary figures were recently 
published by the U.S. Bureau of Mines 
(USBM), which has released State-bystate 
estimates of nonfuel mineral production for 
1987. Excerpts from the preliminary summa- 
ries for the Nation and the southwestern 
States appear below. Additional details on 
the national statistics are given in the USBM's 
1988 Mineral Commodity Summaries. 
Single copies are free from the Publications 
Distribution Section, U.S. Bureau of Mines, 
Building 149, P.O. Box 18070, Pittsburgh, PA 
15236. The Mineral Industry Surveys for 
individual States were prepared by State 
mineral specialists from the USBM, in 
cooperation with the respective State mineral 
agencies. Lorraine B. Burgin, USBM State 
mineral specialist in Denver, compiled the 
Arizona summary, in cooperation with the 
Arizona Department of Mines and Mineral 
Resources. For copies of the preliminary 
reports, write to Mineral Industry Surveys, 
U.S. Bureau of Mines, Washington, DC 
20241. 

U.S. Summary 
In 1987 decreasing imports, low invento- 

ries, and a steady demand for many goods 
increased commodity prices and improved 
the output and profits of many industrial 
firms, including mineral and mineral- 
material producers. Prices and output for 
most mineral commodities rose during 
1987. The value of nonfuel mineral produc- 
tion in the Nation increased 8.5 percent, from 
$23.5 billion in 1986 to $25.5 billion in 1987. 
Metals and industrial minerals accounted for 
29 and 71 percent of the total value, respec- 
tively. The value of metal production rose 28 
percent in 1987 to $7.4 billion, whereas the 
production value of industrial minerals rose 
only 2 percent to $18 billion. 

Reduced production costs, increased 
byproduct production, and higher metal 
prices in 1987 led to increased mine output 
of copper and zinc in the United States. Mine 
production of lead, however, declined to the 
lowest level since 1968, despite good market 
growth and a 60 percent increase in the 
averacje mice of lead. This apparent paradox 

at some mines because of low prices during 
1982-86. 

Productivity improvements and restructur- 
ing efforts of the domestic copper industry, 
such as the construction of efficient flash- 
smelting facilities, led to higher metal output 
despite the closing of two smelters. 
Increased demand for aluminum, copper, 
and lead and concomitant price hikes were 
chiefly due to improved economic activity, 
especially in the electrical and construction 
sectors, increases in the per-unit use of 
copper in motor vehicles, and a higher 
percentage of registered vehicles needing 
lead replacement batteries. The drop in 
domestic output of automobiles was 
believed to be the principal cause of slightly 
lower domestic zinc demand. US, import 
reliance for the major nonferrous metals 
declined slightly in 1987, reversing the trend 
of recent years. 

Work continued at the Environmental 
Protection Agency (EPA) on the develop- 
ment of a mining-waste regulatory program. 
EPA is addressing the need to regulate 
smelting and refining wastes from the lead, 
zinc, copper, and aluminum industries. 

The prices of gold and platinum-group 
metals (PGM) continued a 2-year trend of 
sharp increases and these metals remained 
a major focus of exploration and develop- 
ment worldwide. The reserve positions of 
both gold and PGM were improved signifi- 
cantly as a result of these activities during the 
past 3 to 4 years. The average price of silver 
also rose dramatically, reversing a 3-year 
downward trend. Domestic mine output of 
the precious metals increased except for 
refinery output of PGM, which declined 
sliclhtlv. The increase in domestically mined 

silver was due to increased byproduct silver 
production from almost 40 gold mines and 
the opening or reopening of several silver 
mines. Reported domestic industrial con- 
sumption of gold and silver rose slightly. 

The Comprehensive Anti-Apartheid Act of 
1986 (Public Law 99-440) restricted or 
banned U.S. importation of gold coins 
minted in the Republic of South Africa and 
materials produced by parastatal organiza- 
tions (organizations of which the govern- 
ment has some ownership), such as iron and 
steel products, coal, and crude oil. U.S. 
exports of refined petroleum to the Republic 
of South Africa were also banned. Importa- 
tion of strategic minerals deemed "essential 
for the economy or defense of the United 
States" that are "unavailable from reliable 
and secure suppliers" has not been banned, 
however. These minerals include andalusite, 
antimony, chromium, chrysotile asbestos, 
cobalt, industrial diamonds, manganese, 
PGM, rutile, and vanadium. 

Demand for building materials, such as 
construction aggregate, gypsum, and ce- 
ment remained strong. Consumer demand 
for cement slightly exceeded the 1986 
record level. U.S. reliance on imported 
cement reached a record high level of 18 
million short tons, which accounted for 20 
percent of consumption compared with just 
4 percent in 1981. Mexico continued to 
capture a large share of the import market 
with 28 percent of the total, exceeding 
imports from Canada for the second consec- 
utive year. Crushed-stone production 
exceeded 1 billion short tons for the third 
consecutive year; construction sand-and. 
gravel production totaled 883 million tons. 

in lea; riining was believed to be partly the 
result of a continuing trend of high grading Figure I .  Value of nonfuel mineral production in the Southwest, 1986and 1987. 
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Foreign acquisition of cement, crushed- 
stone, and sand-and-gravel operations con 
tinued to grow during 1987. By year-end, 
approximately 54 percent of domestic 
cement capacity had been acquired by 
foreign firms, mostly western European 
countries, compared with 22 percent in 
1981. Foreign-owned crushed-stone and 
sand-and-gravel operations produced about 
3 to 5 percent of the total 1987 output. 

Production of salt for chloralkali manufac- 
ture increased because of a strong demand 
for chlorine and caustic-soda-based prod- 
ucts. Because of declining sales in certain 
markets, one major salt company an- 
nounced it was available for acquisition. 
Another major domestic salt producer 
signed a letter of intent to purchase its 
competitor, pending U.S. Department of 
Justice approval. 

Environmental issues, mergers, acquisi- 
tions, international trade, and government 
legislation all had significant impacts on the 
production of industrial minerals. EPA 
continued its impact analysis of the pro- 
posed ban and phase-out of asbestos and 
asbestos products. It reviewed the National 
Emission Standards for Hazardous Air 
Pollutants and surveyed producers of garnet, 

gold, kyanite, limestone, taconite, talc, 
tungsten, and vermiculite to determine the 
asbestos and total mineral fiber content of 
mine emissions. The Occupational Safety 
and Health Administration (OSHA) extended 
an administrative stay on the regulation 
governing exposure to nonasbestiform 
amphiboles while it continued studying the 
economic impact of the regulation on the 
mining and construction industries. 

The framework for a US.-Canada free- 
trade agreement was completed in October 
1987. The pact will eliminate all tariffs and 
most nontariff barriers between the two 
countries by 1999, thereby creating the 
world's largest open market. The expansion 
of trade is expected to generate 5 percent 
higher growth for Canada and up to 1 
percent higher growth for the United States 
by the end of the century. Currently, the U.S. 
trade deficit with Canada is second only to its 
deficit with Japan. Canada is the largest 
supplier of nonfuel minerals to the United 
States. 

Arizona 
The value of nonfuel mineral production in 

Arizona increased 13 percent in 1987 to an 
estimated $1.8 billion, about two-thirds of the 

Table 1. Value of nonfuel mineral production in the Southwest measured by mine shipments, sales, or marketable 
production, including consumption by producers. All figures are from the U.S. Bureau of Mines; totals for 1987 are 
preliminary estimates. 

State Value (thousands Percent of Total Major Commodities 
of dollars) Value in 1987 

1986 1987 Southwest United 
States 

Arizona 1,556,035 1,761,633 23.5 6.9 copper, construction sand 
and gravel, portland cement, 
molybdenum, gold, silver 

California 2,269,417 2,509,501 33.5 9.9 portland cement, construc- 
tion sand and gravel, boron 
minerals, gold, crushed 
stone, natural sodium 
carbonate 

Colorado 5.2 1.5 molybdenum, gold, con- 
struction sand and gravel, 
portland cement, crushed 
stone, zinc 

Nevada 977,331 1,426,963 19.1 5.6 gold, silver, construction 
sand and gravel, portland 
cement, gypsum, crushed 
stone 

New Mexico 612,075 678,021 9.1 2.7 copper, potassium salts, con- 
struction sand and gravel, 
portland cement, perlite, 
crushed stone 

Utah 374,056 727,528 9.7 2.9 copper, gold, portland 
cement, magnesium, con. 
struction sand and gravel, 
salt 

SOUTHWEST 6,158,922 7,490,105 100.0 29.4 

U.S. TOTAL 23,457,000 25,462,000 - 100.0 

peak production value reached in 1981. The 
value of metals output, which accounted for 
84 percent of the total value, substantially 
increased from $1.2 billion in 1986 to $1.5 
billion in 1987. 

Arizona, with nearly two-thirds of U.S. 
output. continued to rank first in the Nation 
in cbpper production. Copper accounted for 
more than three-fourths of the State's 
nonfuel mineral value. The year's depressed 
markets resulted in a slight decline in the 
quantity of copper produced; however, 
shortages developed and a dramatic 
increase in the price of copper the last 
quarter of 1987 brought a 19-percent rise in 
the value of copper output. Still striving to 
recoup losses incurred since 1981, copper 
companies were restructured and innovative 
mining and processing methods were intro- 
duced to reduce costs. 

With the rise in gold prices, output and 
value of Arizona's gold production soared. At 
the $13.9-million Copperstone complex near 
Parker, about 6,000 troy ounces of gold were 
produced in 1987. Annual output, expected 
to reach 60,000 ounces, will more than 
double Arizona's gold production. 

The value of industrial minerals output was 
led by construction sand and gravel, portland 
cement, crushed stone, and lime. Declines 
were posted for masonry and portland 
cement, pumice, and crushed stone. 

California 
California continued as the leading State 

in the Nation in production value of nonfuel 
minerals for 1987. Value increased to an 

0 
estimated $2.5 billion from the $2.3 billion 
reported in 1986. California led all States in 
the production of asbestos, boron minerals, 
portland cement, diatomite, calcined gyp- 
sum, rare-earth metal concentrates, con- 
struction sand and gravel, and tungsten ore 
and concentrates. It was second in the 
production of natural calcium chloride, 
magnesium compounds from seawater, 
sodium compounds, wollastonite, and gold. 
Exploration and gold production increased 
significantly during the year. 

Colorado 
The value of nonfuel mineral production in 

Colorado in 1987 was estimated at $386.5 
million. Although still far below the peak of 
$1.2 billion in 1981, the value increased 4 
percent over that of 1986. A major factor in 
the increase was the continued large output 
and higher price of gold. Molybdenum 
output fell about one-third, as demand for 
this steel-hardening metal remained low, 
eliminating many mine jobs. The mining 
sector of the State's economy continued to 
lose jobs for the seventh year in a row. 
Colorado ranked 22nd in the Nation in , 
nonfuel mineral production in 1987, com- @ 
pared with 7th place in 1981. 

In 1987 Colorado's gold mines produced 
nearly 60,000 more ounces of gold than they 
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The 

The following list includes theses and 
dissertations on Arizona geology, mineral 
technology, hydrology, and related subjects 
that were awarded in 1987 by Arizona State 
University, Northern Arizona University, and 
the University of Arizona. This list, however, 
is not a complete compilation of theses on 
such topics. Theses on the geology of other 
States are not listed, nor are theses awarded 
by out-of-State universities. 

Most of the theses included here are not 
available in the library of the Arizona Geolog 
ical Survey. Each thesis, however, may be 
examined at the main library of the university 
that awarded it. More detailed information 
may also be obtained from the respective 
departments, which are indicated in paren 
theses after each citation using the following 
codes: 

Arizona State University, Tempe, AZ 85287; 
(602) 965-901 1. 
Gg-Geography; GI-Geology 

Northern Arizona University, Flagstaff, AZ 
8601 1 ; (602) 523-901 1. 
G-Geology 

University of Arizona, Tucson, AZ 85721; 
(602) 621-221 1. 
CE-Civil Engineering; G-Geosciences; Gg- 
Geography; HWR-Hydrology a n d  Water 
Resources; MGE-Mining and Geological Engineer- 
ing; RNR-Renewable Natural Resources; SWS-Soil 
and Water Science 

Arizona State University 
Dehn, Jonathan, Model of cinder cone formation: 

M.S. Thesis, 85 p. (GI) 
Estrada, J.J., Geology of the Four Peaks area, 

Arizona: M.S. Thesis, 76 p. (GI) 
Faith, Karen, Land use change at Interstate 10 

interchanges in Goodyear and Avondale, 
Arizona: M.S. Thesis, 84 p. (Gg) 

Jagiello, KJ., Structural evolution of the Phoenix 
basin, Arizona: M.S. Thesis, 157 p. (GI) 

Lacey, Michael, The role of vegetation in slope 
erosion and sediment yield, central Arizona: 
M.S. Thesis, 82 p. (Gg) 

Miller, E.J., The Buckeye pluton; a peraluminous 
two-mica granite: M.S. Thesis, 106 p. (GI) 

Northern Arizona University 
Bayne, B.J., Depositional analysis of conglomer- 

ates in the Mazatzal Group and related strata, 
central Arizona: M.S. Thesis, 186 p. (G) 

Brady, T.B., Early Proterozoic structure and 
deformational history of the Sheep Basin 
Mountain area, northern Sierra Anchas, Gila 
County, Arizona: M.S. Thesis, 122 p. (G) 

Burns, B.A., The sedimentology and significance 
of a Middle Proterozoic braidplain; Chediski 
Sandstone Member of the Troy Quartzite, 
central Arizona: M.S. Thesis, 143 p. (G) 

Richards, A.M., Gravity analysis of the Tonto and 
Payson basins, central Arizona: M.S. Thesis, 
162 p. (G) 

es and Dissertations, 

Roller, J.A., Geometric and kinematic analysis of 
the Proterozoic Upper Alder Group and Slate 
Creek movement zone, central Mazatzal Moun- 
tains, central Arizona: M.S. Thesis, 105 p. (G) 

Sydow, M.W., Seismicity and crustal structure of 
north-central Arizona: M.S. Thesis, 92 p. (G) 

University of Arizona 

Ali, M.M., Aprobabilistic analysis of the distribution 
of collapsing soil in Tucson using Kriging 
method: Ph.D. Dissertation, 252 p. (CE) 

Amer, S.A., Spectral reflectance measurements of 
salbaffected soil: M.S. Thesis, 69 p. (SWS) 

Beatty, Barbara, Correlation of some mid- 
Mesozoic redbeds and quartz sandstones in the 
Santa Rita Mountains, Mustang Mountains, and 
Canelo Hills, southeastern Arizona: M.S. prepub- 
lication manuscript, 30 p. (G) 

Boling, J.K., Earth-fissure movements in south- 
central Arizona, U.S.A.: M.S. Thesis, 99 p. (HWR) 

Bradley, M.A., Vein mineralogy, paragenetic 
sequence and fluid inclusion survey of the silver 
district, La Paz County, Arizona: M.S. Thesis, 
131 p. (G) 

Brod, L.G., Jr., Geology and speleogenesis of 
Colossal Cave, Pima County, Arizona: M.S. 
Thesis, 68 p. (G) 

Clark, Susanmarie, Potential for use of cotton- 
woods in dendrogeornorphology and paleo- 
hydrology: M.S. prepublication manuscript, 
52 P. (G) 

Davies, B.E., Water movement in nonisothermal 
tuff: M.S. Thesis, 82 p. (HWR) 

Epstein, V.J., Geologic and hydrologic factors 
affecting land subsidence in Eloy, Arizona: M.S. 
prepublication manuscript, 68 p. (G) 

Fuller, J.E., Paleoflood hydrology of the alluvial 
Salt River, Tempe, Arizona: M.S. prepublication 
manuscript, 70 p. (G) 

Glynn, M.E., Geotechnical investigations of two 
potential sites for the proposed Arizona Super- 
conducting Super collider: M.S. Thesis, 133 p. 
(MGE) 

Grondin, G.H., Transport of MS-2 and f2 bacterio- 
phage through saturated Tanque Verde Wash 
soil: M.S. Thesis, 188 p. (HWR) 

Grubensky, M.J., Structure, geochemistry, and 
volcanic history of mid.Tertiary rocks in the Kofa 
region, southwestern Arizona: M.S. Thesis, 
107 p. (G) 

Gustin, M.S., A petrographic, geochemical, and 
stable isotope study of the United Verde orebody 
and its associated alteration, Jerome, Arizona: 
Ph.D. Dissertation, 249 p. (G) 

Haile, A.B., Possible water pollution sources in 
Sabino Creek, Santa Catalina Mountains, 
Arizona: M.S. Thesis, 79 p. (HWR) 

Handler-Ruiz, Andrea, Correlation between chan- 
nel changes and sand and gravel mining: M.S. 
prepublication manuscript, 90 p. (G) 

Haverland, R.L., Soil development on a granite 
catena in southeastern Arizona: Ph.D. Disserta- 
tion, 265 p. (SWS) 

Hay, L.E., The automatic calibration of the SRP's 
long-term forecasting model: M.S. Thesis, 88 p. 
(HWR) 

Kalin, R.M., Stable isotopic composition of 
atmospheric water vapor and its relationship to 
precipitation in Tucson: M.S. prepublication 
manuscript, 22 p. (G) 

Katz, L.T., Steady state infiltration processes along 
the Santa Cruz and Rillito Rivers: M.S. Thesis, 
119 D. fHWR) 

~hanchok ,    ah el, Relationship between lithology 
and slope form in the Tucson Mountains, Pima 
County, Arizona: M.S. Thesis, 78 p. (Gg) 

Koterba, M.T., Differential influences of storm and 
watershed characteristics on runoff from 
ephemeral streams in southeastern Arizona: 
Ph.D. Dissertation, 291 p. (HWR) 

Krebs, C.K., Geochemistry of the Canelo Hills 
I 

Volcanics and implications for the Jurassic 
tectonic setting of southeastern Arizona: M.S. 
prepublication manuscript, 38 p. (G) ! 

Levine, S.J., Genesis of soils derived from the 
Kaibab Formation of the Colorado Plateau: 
Ph.D. Dissertation, 160 p. (SWS) I 

Mclntosh, BJ., A simplified probability approach 
to the design and analysis of uranium tailings 

i 
impoundments: M.S. Thesis, 143 p. (MGE) 

Marozas, D.C., The effects of mineral reactions on 
trace metal characteristics of groundwater in 
desert basins of southern Arizona: Ph.D. 
Dissertation, 114 p. (G) 

Miller, P.S., Performance of drainage channels in 
Pima County, Arizona: M.S. Thesis, 118 p. (CE) 

Murphy, E.M., Carbon-14 measurements and 
characterization of dissolved organic carbon in 
ground water: Ph.D. Dissertation, 180 p. (HWR) 

Nagaraj, B.K., Modelling of normal shear behavior 
of interface in dvnamic soil-structure interaction: 
Ph.D. ~issertation, 285 p. (CE) 

Naruk, S.J., Kinematic significance of mylonitic 
foliation: Ph.D. Dissertation, 72 p. (G) 

Olson, K.L., Urban stormwater injection via dry 
wells in Tucson, Arizona, and its effect on 
ground-water quality: M.S. Thesis, 151 p. (HWR) 

Osborn, M.D., Modeling nitrates in projecting the 
future ground-water quality of the Cortaro area, 
Arizona: M.S. Thesis, 114 p. (HWR) 

Pool, D.R., Hydrogeology of McMullen Valley, west- 
central Arizona: M.S. Thesis, 86 p. (HWR) 

Poulton, M.M., Extraction of surface and subsur- 
face geologic information from digital images of 
the proposed Arizona Superconducting Super 
Collider sites: M.S. Thesis, 54 p. (MGE) 

Richardson, T.C., A risk analysis approach to 
managing groundwater quality in the upper 
Santa Cruz basin: M.S. Thesis, 11 7 p. (HWR) 

Roberts, L.K., Paleohydrologic reconstruction, 
hydraulics, and frequency-magnitude relation- 
ships of large flood events along Aravaipa 
Creek, Arizona: M.S. Thesis, 40 p. (G) 

Robison, L.C., Geology and geochemistry of 
Proterozoic volcanic rocks bearing massive 
sulfide ore deposits, Bagdad, Arizona: M.S. 
Thesis, 142 p. (G) 

Rose, S.E., Dissolved oxygen systematics in the 
Tucson basin aquifer, Arizona: Ph.D. Disserta- 
tion, 153 p. (G) 

Rosenthal. R.H.. The interaction of ~arent  material 
and eolian debris on the formatidn of soils in the 
Silverbell desert biome of Arizona: M.S. Thesis, 
84 p. (SWS) 

Ruf, AS., Effects of strain and magnetic fabric in 
the mylonite zones of the Santa Catalina 
Mountains and Pinaleno Mountains metamor- 
phic core complexes, Arizona: M.S. prepublica- 
tion manuscript, 31 p. (G) 

Stach, L.A., Inversion for source parameters of 
moderate-size earthquakes in the western U.S. 
using regional waveforms: MS. Thesis, 101 p. (G) 
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Suchomel, K.H., Carbon isotopes, and carbon 
dioxide and oxygen behavior in the uncontam- 
inated and contaminated unsaturated zone, 
Phoenix, Arizona: M.S. prepublication manu- 
script, 81 p. (G) 

Swift, P.N., Early Proterozoic turbidite deposition 
and melange deformation, southeastern Ari- 
zona: Ph.D. Dissertation, 134 p. (G) 

Tanbal, K.M., A gravity survey over late Quaternary 
fault scarps west of the Santa Rita Mountains: 
M.S. Thesis, 55 p. (G) 

Tinney, J.C., Trading quality for quantity; an 
assessment of salinity contamination generated 
by groundwater conservation policy in the 
Tucson basin: Ph.D. Dissertation, 229 p. (RNR) 

Trapp, R.A., Geochemistry of the Laramide 
igneous suite of the Santa Rita and Empire 
Mountains, southeastern Arizona: M.S. Thesis, 
118p. (G) 

Wagner, D.V., Isotopic and chemical characteriza. 
tion of ground waters in the vicinity of Flagstaff, 
Arizona: M.S. Thesis, 11 1 p. (HWR) 

Whitehead, T.W., Sorption and desorption of 
volatile alkyl halides in a desert soil: M.S. Thesis, 
1 17 p. (HWR) 

Wiese, B.M., Open-space planning guidelines for 
Tucson, Arizona: M.S. Thesis, 209 p. (RNR) 

Williams, Derrick, Geostatistical analysis and 
inverse modeling of the upper Santa Cruz basin, 
Arizona: M.S. Thesis, 149 p. (HWR) 

Worthington, M.A., Thermal anomalies and the 
ground-water flow system south of the Narrows, 
upper San Pedro Valley, Arizona: M.S. Thesis, 
80 p. (HWR) 

STAFF 

Laurette E. (Lauri) Colton has been hired 
as Publication Sales Manager. She formerly 
worked for the Resource Center of Tucson 
Unified School District #1 in language arts 
library services. Born in Hot Springs, South 
Dakota in Black Hills country, she is a 
graduate of Sunnyside High School in 
Tucson. 

Larry D. Fellows has served as President- 
Elect of the Association of American State 
Geologists (AASG) since July 1,1987. In this 
position, he served as chairman of the AASG 
Federal Liaison Committee, which met in 
Washington, D.C. in September 1987 and 
March 1988. This committee acts as a liaison 
between the State geological surveys and 
Federal agencies and congressional com- 
mittees that deal with natural-resource 
issues. 

Thomas G. McGarvin received a Faculty 
of Science Distinguished Service Award 
from the University of Arizona. He also 
conducted two spring field trips for Tucson- 
area teachers. Approximately 20 primary- 
and secondary-school teachers attended 
both trips. The first trip, conducted on April 
16, focused on the geology of the Tucson 
basin and Tucson Mountains and included a 

NOTES 

Tectonics," hosted by the Australian Bureau 
of Mineral Resources, Geology, and Geo- 
physics in Canberra, Australia in November 
1987. Reynolds, an invited speaker whose 
expenses were paid by the Australian govern- 
ment, presented three talks on the geology of 
the Basin and Range Province of Arizona. He 
also gave invited lectures at the University of 
Melbourne, Monash University, University of 
Adelaide, South Australian Department of 
Mines and Energy, and Western Mining 
Corporation. In April 1988 Reynolds orga- 
nized a short course on the origin of gold 
deposits, sponsored by the Arizona Geolog- 
ical Survey and the Arizona Geological 
Society. The course, which was attended by 
about 45 persons, featured Professor Robert 
Kerrich of the University of Saskatchewan. 

Jon E. Spencer presented a paper at the 
1 17th annual meeting of the American 
Institute of Mining, Metallurgical, and Petro- 
leum Engineers (AIME), held in Phoenix in 
January 1988. The paper, titled "Control of 
Mineralization by Mesozoic and Cenozoic 
Low-Angle Structures in West-Central Ari- 
zona," was coauthored by S.J. Reynolds and 
John W. Welty and released as Society of 



New Publications from the Arizona Geological Survey 

The following publications may be pur- 
chased over the counter or by mail from the 
Arizona Geological Survey, 845 N. Park Ave., 
Tucson, AZ 8571 9. For price information on 
these and other Survey publications, contact 
the Survey offices. 

Brooks, S.J., 1988, Hydrogeology of the 
basins encompassing the Maricopa 
Superconducting Super Collider site: 
Open-File Report 88-6 ,  2 9  p., scale 
1 :24,000 and 1 :62,500. 

Thorough and accurate descriptions of 
the ground-water and surface-water hydrol- 
ogy are vital in choosing the best site for the 
Superconducting Super Collider (SSC), a 
proton-antiproton particle accelerator pro- 
posed by the U.S. Department of Energy 
(DOE). Hydrologic aspects are important 
parameters in estimating construction costs, 
scheduling, long-term operational costs, and 
environmental impacts. The arid climate, 
deep water table, and remote uninhabited 
location of the Maricopa site are hydrologi- 
cally ideal for construction of the SSC. This 
report integrates past geologic studies, 
drilling data, geophysical analyses, and 
remote-sensing information. 

J., 1988, Correlation of Stratigraphic 
Units of North America (COSUl\IA) docu- 
mentation records for southern Arizona 
and uicinity: Open-File Report 8 8 3 , 9 9  p. 

COSUNA was a project of the American 
Association of Petroleum Geologists that 
resulted in the publication of 16 correlation 
charts based on modern concepts of the 
stratigraphy of the North American conti- 
nent. This open-file report includes the 
documentation records used to compile the 
stratigraphic columns for southern Arizona 
and the Big Hatchet Mountain area of New 
Mexico. 

Dickinson, W.R., 1988, Geologic map of 
the Catalina core complex and San Pedro 
trough, Pima, Pinal, Gila, Graham, and 
Cochise Counties, Arizona: Miscellane- 
ous Map 88-C, scale 1:125,000. 

This general geologic map was derived 
from the 15 map sheets of Miscellaneous 
Map 87-A, which, in turn, were derived from 
more than 80 geologic maps prepared by 
more than 60 individuals and from recon- 
naissance, remapping, and reinterpretation 
by the author from 1980 to 1988. New data 
and reinterpretation, which were not incorpo- 
rated in MM-87-A, were also used in this 

tains, Johnnie Lyon Hills, and western flank 
of the Galiuro Mountains. 

Nowatzki, E.A., Muller, Eugene, DeNa- 
tale, J.S.,  Ibarra-Encinas, G.A., Al- 
Ghanem, A.H., and Welty, J. W., 1988, 
Additional geotechnical engineering 
investigations for Arizona's Maricopa 
SSC site: Open-File Report 88-5,223 p. 

Arizona's Maricopa site is among seven 
finalists for the Superconducting Super 
Collider (SSC). Geotechnical data, such as 
laboratory analyses and field studies, com- 
piled for the final proposal are included in this 
open-file report. 

Santa Fe Pacific Railroad Company, 
1981, Geologic map of Santa Fe Pacific 
Railroad Company mineral holdings in 
northwestern Arizona: Miscellaneous 
Map 8&A, scale 1 :250,000. 

This geologic map covers all of Mohave 
County, plus bordering areas of La Paz, 
Yavapai, and Coconino Counties and border- 
ing areas of California and Nevada. The map 
incorporates original mapping, aerial- 
photograph interpretation, and maps from 
theses and various publications. Previously 
unmapped areas are shown with a varietv of 

compilation. The map area includes the rock ;nits, especially in the Black ~ountains 
Childs, O.E., Knepp, R.A., Reynolds, S.J., Rincon, Santa Catalina, Tortolita, Tucson, and ranges flanking the Big Sandy River 
Haxel, G., Thompson, S., 111, and Wright, Black, Tortilla, and Dripping Spring Moun- Valley between Kingman and Wikieup. C 

Arizona Bureau of Geology The Bureau of Geology and Mineral Technology is a division of the University of Arizona. 

and Mineral Technology 
Geological Survey Branch 
845 N. Park Ave. 
Tucson, AZ 8571 9 
TEL: 602162 1-7906 

Fieldnotes Will Have "New" Publisher 

This is the last issue of Fieldnotes to be published by the 
Arizona Bureau of Geology and Mineral Technology. July 1 the 
Geological Survey Branch of the Bureau officially becomes the 
Arizona Geological Survey (AGS), an independent State agency, 
and the Mineral Technology Branch becomes part of the 
University of Arizona. Senate Bill 1102, enacted in 1987, 
mandates this administrative change, but specifies that the AGS 
be located in proximity to the University of Arizona in Tucson. NO 
office relocation is planned. 
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